modulates the tilt aftereffect, even without being aware of the stimulus. The same effect has been demonstrated for feature-based attention (Kanai et al., 2006) .
So far, only a few studies have investigated the effects of attention on unconscious processing of complex, highlevel stimuli. Finkbeiner and Palermo (2009) demonstrated that faces were processed regardless of attention to an invisible prime, whereas nonface stimuli required spatial attention in order to be processed unconsciously. Furthermore, Moradi, Koch, and Shimojo (2005) have claimed that conscious perception of a face stimulus is required to produce the identity-specific aftereffect.
Here it is important to note that, in contrast to the findings discussed above, there is also evidence that suggests a larger effect of spatial attention at later, rather than earlier, stages of processing (Kastner & Ungerleider, 2000; Reynolds & Desimone, 1999) . Moreover, according to reverse hierarchy theory, attention begins to exert its effects at higher levels of processing (Hochstein & Ahissar, 2002) , suggesting that attentional modulation should be stronger for high-level stimuli. The contradictory findings may in part be explained by the differences in methodology, specifically in the control of attentional engagement. In fact, by using low-contrast stimuli adaptors, Bahrami et al. (2008) were able to demonstrate an effect of spatial attention previously not observed with high-contrast adaptors (e.g., Kanai et al., 2006) .
In the present experiments, we show that spatial attention to invisible gratings produces significant elevations in contrast threshold. Furthermore, spatial attention to Procedure. The experimental procedure consisted of four phases:
(1) contrast-threshold estimation, (2) contrast-decrement threshold estimation, (3) adaptation, and (4) testing. In the first phase, baseline contrast thresholds were estimated to be used in the adaptation and testing phases. In the second phase, the amount of contrast reduction in the suppressors required to reach a change detection criterion of 75% was determined for each participant to equate attentional demands during the adaptation phase. Subsequently, in the adaptation phase, participants detected contrast decrements in one of the two suppressors while adapting to gratings suppressed from awareness. In the testing phase, postadaptation contrast thresholds were estimated and the attentional effect was defined as the difference between pre-and postadaptation thresholds: the threshold elevation index (TEI).
Contrast-threshold estimation. Participants' contrast thresholds for the sinusoidal adaptor gratings were measured using interleaved QUEST staircases (Watson & Pelli, 1983) . We used four staircases (two for each side of the visual field) for each of the two possible grating orientations (45º and 135º). The estimated thresholds were averaged and served as the preadaptation baseline.
At the beginning of every trial, a fixation point, a nonius line, and two checkerboard frames were presented to each eye ( Figure 1A) . Upon a keypress, one of the two checkerboard frames flickered twice for 200 msec with a 200-msec interval to indicate the location of threshold measurement. Subsequently, a grating was displayed for 250 msec in the cued location, either directly after the flicker (first interval) or after a delay of 300 msec (second interval). Participants were asked to indicate during which of the two intervals a grating had been presented and whether they were confident in or uncertain of their decision. If participants thought a grating had been presented in the first interval, they pressed "4" if confident, or "1" if uncertain. If participants thought a grating had been presented in the second interval, they pressed "5" if confident, or "2" if uncertain. If the response was incorrect, they heard a short, low-pitched tone. To facilitate convergence of the QUEST staircases, participants could indicate how confident they were in their response by pressing either "4" or "5." A confident response, if correct, was treated as three correct keypresses. To encourage the careful use of such keys, the session was terminated if a participant indicated confidence in an incorrect response; in this case, the participant had to redo the terminated session.
Adaptation and attentional task. During the adaptation phase ( Figure 1B ), participants tracked reductions in contrast for the suppressor at the attended location. To equate attentional demands between participants, the amount of contrast reduction required to be correctly detected in 75% of the trials was estimated using a staircase procedure (Levitt, 1970) . When participants were correct for two successive times, the contrast decrement of the suppressor was decreased by 4%, but when they were incorrect, it was increased by 4%. Each block ended after 17 reversals and we defined the threshold for contrast-decrement detection as the average of the last 4 reversals. Adaptors were always presented to the nondominant eye with a contrast of 16 3 baseline threshold, but suppressors were only presented to the dominant eye at 100% original contrast. The procedure was repeated four times, once for each adaptor orientation and locus of attention (45º/left, 135º/left, 45º/right, and 135º/right; order counterbalanced across participants). The average of the four values was used for the attentional task in the adaptation phase, ranging from 33% to 67% contrast decrement.
At the beginning of every trial, two fixation points, two nonius lines, two adaptors, and two suppressors surrounded by checkerboard frames were presented on the display, and the location of the suppressor for the attention task was indicated. For 60 sec, participants adapted and detected contrast decrements for the suppressor at the attended location. The suppressor was presented at decreased contrast for 110 msec and participants were allowed 1 sec to respond by pressing "A." If a decision was incorrect, a short, low-pitched tone was heard. Additionally, participants were asked to track their invisible faces produced a robust gender aftereffect. The amount of attentional capture at the attended location was controlled by a contrast-decrement detection task that was equated in terms of difficulty for all participants. Our results suggest that the unconscious processing of both low-level and high-level stimuli is influenced by spatial attention.
ExPErimEnT 1
The purpose of Experiment 1 was to test whether endogenous spatial attention can influence adaptation to invisible gratings. The paradigm we adopted was designed to overcome methodological differences of previous studies and to refine our understanding of the conditions required for spatial attention to affect the processing of lowlevel invisible stimuli. In accordance with the findings of Bahrami et al. (2008) , we used an attentionally demanding task to focus attention on a specific spatial location. The threshold elevation aftereffect (TEA) was used to estimate the attentional effect on adaptation. In order to control for attentional bias, we measured the TEA in the test phase at random locations, independent of the previously attended location during the adaptation phase. method Participants. Five healthy volunteers, including the first author, participated in Experiment 1. Except the author, all participants were naive to the purpose of the experiment. All participants had normal color vision and normal or corrected-to-normal visual acuity and right-eye dominance, determined by pointing at a distant object. Every aspect of this study was carried out in accordance with the regulations of the Departmental Review Committee of Yonsei University.
Apparatus and Stimuli. The stimuli were created using the Psychophysics Toolbox (Brainard, 1997; Pelli, 1997) and presented on a linearized Samsung 21-in. monitor driven by a Pentium VI computer. The frame rate of the monitor was 85 Hz. The participants were positioned approximately 90 cm from the display, with their heads held in chin-and forehead rests. At this distance, a pixel subtended approximately 0.0155º of visual angle. Participants viewed the left and right halves of the screen through a mirror stereoscope. A small fixation cross and nonius lines were always present at the center of the screen to facilitate binocular alignment.
Adaptors were sinusoidal gratings, rendered invisible by interocular suppression. To completely suppress the adaptors, dynamic radial gratings were used as suppressors, alternating between clockwise and counterclockwise rotation at 1 Hz. These suppressors do not produce motion-or orientation-specific aftereffects (Blake et al., 2006) . Two sinusoidal gratings (adaptors) were presented to the left and the right visual field of the nondominant eye, and two radial gratings (suppressors) were presented to the left and the right visual fields of the dominant eye. The size of adaptors and suppressors was 0.93º, effectively minimizing the occurrence of mixed percepts (Blake, 2001) . Adaptors were flickered at 4 Hz to prevent afterimage formation. Their orientation was either 45º or 135º, with a spatial frequency of 8.8 cpd. The contrast of the suppressors was always 100%, whereas the contrast of the adaptors (47% to 74%) varied, depending on individual contrast thresholds. Each stimulus was surrounded by a high-contrast checkerboard frame to maintain binocular fusion. Using the bit-stealing technique (Tyler, 1997) , we created 1,792 luminance steps to measure contrast thresholds. In the test phase, the stimuli were the same gratings used as adaptors, except that contrast was varied, depending on the participants' performance. after adaptation (postadaptation threshold divided by preadaptation threshold). Note that a TEI value above 1 indicates an effect of adaptation. One-sample t tests indicated that the TEIs of the suppressed session were significantly different from 1 [attended field, t(4) 5 6.372, p , .05; unattended field, t(4) 5 3.590, p , .05], suggesting that the adaptors induced significant adaptation even when suppressed from awareness. However, TEIs of the yoked session were not significantly different from 1 [attended field, t(4) 5 1.705, p 5 .163; unattended field, t(4) 5 1.104, p 5 .332], suggesting that the mere presence of the suppressors was not enough to evoke adaptation. Since participants perceived the adaptors for only about 2% of the time, this result was expected.
Furthermore, we found an effect of endogenous spatial attention on the amount of adaptation in the suppressed session. Paired-sample t tests indicated that the TEI was significantly higher when the grating was presented at the attended location (2.06) rather than at the unattended location [1.17; t(4) 5 9.718, p , .01], suggesting that endogenous spatial attention modulated the amount of adaptation to invisible gratings. These results are in line with the findings of Bahrami et al. (2008) and support the claim that both an attentionally demanding task and lowcontrast adaptors are required to focus spatial attention sufficiently.
ExPErimEnT 2
The purpose of Experiment 2 was to test whether endogenous spatial attention can influence the processing of complex stimuli without visual awareness. More specifi-percepts. They held down "2" while perceiving the suppressor and "1" while perceiving the adaptor. The results showed that the adaptors were successfully suppressed from awareness 97.2% to 99.5% of the time. After the adaptation phase, participants performed a single trial of postadaptation contrast-threshold measurement at a randomly chosen location (left or right), followed by 5 sec of top-up adaptation.
The procedure in the main experiment was the same, except that the number of trials was fixed at 80 per block and the previously measured contrast-decrement detection threshold was used throughout. Participants performed the detection task during each initial adaptation (60 sec) and top-up adaptation (5 sec) period. Postadaptation contrast measurements, with exactly the same procedure as the baseline-contrast threshold measurements (except that now the number of trials was fixed), were interleaved with top-up adaptation periods. We did not use different orientations for the test stimuli, since a previous study with a similar method had shown this aftereffect was orientation specific (Blake et al., 2006) .
Suppressed and yoked sessions in the main experiment. In the main experiment, we manipulated two independent variables in a within-participant design: (1) locus of attention (left or right), and (2) orientation of the adaptor (45º or 135º). There were two sessions with four experimental blocks each (2 loci of attention 3 2 adaptor orientations). In the first session, the adaptors and suppressors were both presented simultaneously. However, in the second session, presentation of adaptors and suppressors alternated according to the reported percept in the previous session. In this way, we were able to rule out the possibility that the effect of adaptation was merely due to the presence of the suppressors.
results and Discussion
The average contrast threshold before adaptation was 3.64%. The amount of contrast reduction needed to perform at 75% correct in the attention task ranged from 33% to 67%. Figure 2 shows the main results. The TEI was defined as the ratio between contrast thresholds before and normal or corrected-to-normal vision. Four of them were right-eye dominant. Dominance was determined by pointing at a distant object. Every aspect of this study was carried out in accordance with the regulations of the Departmental Review Committee of Yonsei University.
Apparatus and Stimuli. The apparatus was the same as in Experiment 1. Four neutral face images (two male and two female) were chosen from a face database (Chung, Oh, Lee, & Byun, 1998) . All pictures were frontal views without hair, grayscale, and equal in size (2.64º 3 2.64º). Two sets of five pictures were produced by morphing a male with a female face with Fantamorph software (Abrosoft Fantamorph Version 3.0) (male-female ratio: 94%-6%, 72%-28%, 50%-50%, 28%-72%, 6%-94%; Figure 3) . A mask was created from a random dot pattern composed of equal density black-and-white squares (0.2º 3 0.2º) having the same size as the morphed faces.
Adaptors were 100% female faces. To suppress them, the same dynamic radial gratings as in Experiment 1 were presented to the left and the right visual field of the nondominant eye, whereas the two adaptors were presented to the left and the right visual fields of the dominant eye. Each stimulus was surrounded by a high-contrast checkerboard frame to maintain stable binocular alignment. The contrast of the suppressor was always 100%, and the contrast of the adaptor was 50%.
Procedure. We obtained points of subjective equality (PSEs) of male-female discrimination both before and after adaptation. We defined the amount of adaptation as the ratio between the pre-and postadaptation PSE. During adaptation, participants performed the contrast-decrement detection task on the attended suppressor, as in Experiment 1.
Baseline PSE estimation. To measure PSEs of male-female discrimination, participants had to decide whether a morphed face looked male or female. The session consisted of two blocks. In the first block, morphed faces from the first set were presented to the right visual field of the nondominant eye, and morphed faces of the second set were presented to the left visual field of the nondominant eye. In the second block, assignments to the visual fields were reversed for the two sets. Note that we used two different locations to present two sets of faces, and that these locations were counterbalanced across blocks. We separately measured the percentage of "female" responses obtained for each image and fitted a Weibull function to the data using bootstrapping methods (Wichmann & Hill, 2001a , 2001b to estimate the baseline PSE threshold.
Adaptation and attentional task. After recording PSEs for male-female discrimination, we determined the contrast-decrement detection threshold, as in Experiment 1. We used the same staircase procedure and criterion of 75% correct detections. The amount of contrast reduction required ranged from 31% to 84%. The experimental procedure was the same as in Experiment 1, except for the following differences. Each participant completed two blocks. In the first block, images from the first set of adaptors were presented cally, we investigated whether the gender aftereffect for faces, which is presumably processed in higher stages of the visual hierarchy, can be modulated by spatial attention in the absence of conscious perception.
Although recent findings suggest that face processing is neither modulated by spatial attention to a suppressed stimulus (Moradi et al., 2005) , nor by temporally focusing attention on an invisible cue in a priming paradigm (Finkbeiner & Palermo, 2009) , the lack of behavioral effects does not preclude the possibility of neural modulation in face-selective areas. Indeed, neural activity in the right fusiform face area (FFA), although reduced for invisible as opposed to consciously perceived faces, was still measurable (Jiang & He, 2006) . Furthermore, the processing of emotional faces has been shown to be modulated by attentional load (Pessoa, McKenna, Gutierrez, & Ungerleider, 2002) .
Lastly, using the same paradigm, including the same attentional task, to measure adaptation to invisible low-level stimuli, such as gratings, as well as to high-level stimuli, such as faces, will allow us to draw firm conclusions regarding the influence of attention at different stages of the visual processing hierarchy. morphed levels were 94%-6%, 72%-28%, 50%-50%, 28%-72%, and 6%-94% (male/female) ; 100% female faces were used as adaptors.
The average PSE before adaptation was 34% for Set 1 and 56% for Set 2 in the first block. In the second block, it was 35% for Set 1 and 46% for Set 2. A repeated measures ANOVA revealed that the average PSE of Set 2 (51%) was significantly higher than that of Set 1 [35%; F(1,6) 5 28.311, p , .01]. Moreover, the interaction between the effect of set and that of block approached significance [F(1,6) 5 5.741, p 5 .054]. Consequently, we analyzed the two conditions separately. Figure 4 shows the results of Experiment 2. Like Moradi et al. (2005) , we grouped the results according to the reported percept during adaptation into two categories:
(1) partially suppressed (the adaptor was visible for more than 1 sec) and (2) invisible (the adaptor was visible for less than 1 sec). The PSE for unattended faces was significantly different, compared with baseline, in the partially suppressed category ( Figure 4A ), but there was no significant difference for unattended faces in the invisible category ( Figure 4B) .
The PSE results for attended and unattended faces in the invisible category are shown in Figure 5 . To quantify the amount of adaptation, we defined a PSE elevation index (PEI) as the PSE after adaptation divided by that before adaptation, for each set. Note that a PEI value greater than 1 indicates an effect of adaptation. One-sample t tests to the left visual field, and images from the second set of adaptors to the right visual field. In the second block, the assignment was reversed. Note that we used two different sets of faces for adaptors presented in separate visual fields. We always measured PSEs after adaptation in a different visual field. For example, if the first set was used as an adaptor in the left visual field, the aftereffect of this face was always measured in the right visual field. In this way, we were able to measure high-level adaptation not confined to a specific location (see Moradi et al., 2005) .
To replicate the conditions of Moradi et al. (2005) , the adaptation period was 4 sec, followed by PSE measurement. Throughout the adaptation period, participants performed the contrast-change detection task on the left suppressor and simultaneously tracked their percept, as in Experiment 1. During PSE measurement, a randomly chosen test location (left or right) was cued by flickering, and a test face was presented for 200 msec. The test stimuli were always chosen from the same set as the adaptors, but presented in a different location from the adaptor. When participants thought that the face was male, they pressed "1"; otherwise they pressed "2." Each of the two blocks consisted of 150 trials.
We plotted the proportion of "female" responses as a function of femaleness of the stimuli and fitted a Weibull function to the data using the bootstrapping method (Wichmann & Hill, 2001a , 2001b . PSE was defined as the percentage of femaleness at 50% "female" responses. demonstrated that sensitivity to low-level contrast gratings is easily enhanced by attention (Ling & Carrasco, 2006) . To control for such an effect, we explicitly cued the spatial location of a test stimulus during the testing phase, effectively resetting attentional locus. Additionally, we equalized individual differences of attentional engagement at the attended location and the amount of adaptation by matching difficulty in the contrast-decrement detection task according to individual thresholds. Finally, we used contrast threshold elevation aftereffects, which presumably occur at earlier stages of processing than do orientation-specific aftereffects (Festman & Ahissar, 2004) , showing that top-down attentional processes may influence the earliest as well as the latest stages of visual processing (see below).
The results of Experiment 2 demonstrate that endogenous spatial attention can influence unconscious face processing. Two recent studies (Finkbeiner & Palermo, 2009; Moradi et al., 2005) claimed no effect of attention on the processing of invisible faces. Finkbeiner et al. cued spatial attention in a priming paradigm and found that the effect of attention on priming occurred only for nonface stimuli, suggesting a separate route for face-relevant information that is practically immune to endogenous attentional processes. However, the finding may reflect insufficient engagement of attentional resources. A simple cue may fail to capture an adequate amount of attention required to influence high-level unconscious processing. Accordingly, it has been demonstrated that the effect of spatial attention can be significantly increased when one of two stimuli, rather than a single stimulus, is attended (Lavie, 1995; Luck, Chelazzi, Hillyard, & Desimone, 1997) . Furthermore, the contrast-decrement detection task of our study is known to strongly modulate attention (Braun, 1994; Zenger-Landolt & Heeger, 2003) . The same argument can be made for Moradi et al.' s study, where participants were simply instructed to attend to a moving suppressor. This possibility is supported by the fact that some aspects of face processing-for example, emotional expressions (Pessoa et al., 2002) -are influenced by high attentional load. Note that Finkbeiner and Palermo used a gender discrimination task to measure the effect of masked priming, and Moradi et al. used a face identification task to measure the effects of adaptation. It is possible that these two studies did not find an effect of attention on invisible stimuli because of these task differences from our study. However, since gender and identity discrimination of faces are based on similar features, such as the regions around the eyes and mouth (Mangini & Biederman, 2004) , we think that the different results are unlikely to be due to differences in the task and probably stem from insufficient engagement of attention in the previous studies.
The results of Experiment 2 show a significant gender aftereffect for face stimuli suppressed from awareness. Importantly, we used the same adaptation paradigm as for the low-level stimuli in Experiment 1, including the same task at the attended location. To the best of our knowledge, this is the first time an attentional effect on unconscious processing of low-and high-level stimuli has been re-indicated that the PEI for the unattended set did not significantly differ from 1 [1.02; t(6) 5 0.48, p 5 .65]. This suggests that PSEs did not change after adaptation, when participants paid no attention to the location of the invisible adaptor. However, PEI for the attended set significantly differed from 1 [1.17; t(6) 5 3.22, p , .05], suggesting that significant adaptation occurred for the attended set. Moreover, a paired-sample t test indicated that the PEI of the set in the attended field was significantly higher than that in the unattended field [t(6) 5 4.80, p , .01], suggesting increased adaptation due to spatial attention.
GEnErAL DiSCuSSion
The results above show that endogenous spatial attention is able to influence adaptation to low-as well as to highlevel invisible stimuli. Experiment 1 demonstrated contrastthreshold elevation after adaptation to sinusoidal gratings. Moreover, engaging spatial attention at the location of an invisible adaptor enhanced contrast threshold elevation, compared with a second unattended adaptor location.
The results of Experiment 1 are in line with a recent report by Bahrami et al. (2008) . By using a spatial cuing paradigm and low-contrast adaptors, the authors were able to successfully demonstrate the effect of attention on adaptation to line orientations of invisible gratings. However, we believe that our results extend the previous findings by overcoming possible methodological limitations. Bahrami et al.'s paradigm required participants to make a quick response to a target at a previously cued location while adapting to an invisible grating. During the subsequent test phase, a grating was presented at one of the four possible target locations and adaptation was found to be stronger for gratings at the previously attended location than at unattended locations. Although Bahrami and colleagues were able to carefully control attentional engagement during the adaptation phase, residual attentional bias during the test phase may have affected perception of the tilted grating at the attended location; in other words, not controlling the locus of attention during the test period might have allowed remaining spatial attention from the adaptation period to influence the perception of the tilted grating at the previously attended location. It has been 
